Introduction
============

Mimics of mammalian olfaction based on electric^[@cit1]--[@cit5]^ and photonic^[@cit6]--[@cit10]^ approaches have enabled the identification of many types of odorants in a variety of areas, including food,^[@cit11]--[@cit13]^ pharmaceuticals,^[@cit14],[@cit15]^ security,^[@cit16],[@cit17]^ space exploration^[@cit18]^ and disease diagnosis.^[@cit19],[@cit20]^ Artificial olfactory systems have been developed to rapidly and sensitively identify vapor phase molecules to non-invasively, inexpensively and portably monitor environmental conditions. In nature, cellular metabolism, including protein metabolism, lipid peroxidation and cholesterol biosynthesis, produces specific vapor phase compounds, some of which can be useful for both fundamental and applied research,^[@cit21]^ such as metabolic pathway investigations, pathological studies and medical applications. Although odorant investigation of these metabolisms has great potential for enabling the discovery of new biomarkers and monitoring metabolic pathways, the weak and highly non-specific interactions in artificial olfactory systems have restricted the real-time monitoring of cellular metabolism. Here, we present a bioinspired M-13 bacteriophage-based photonic nose for cellular assays which monitor cellular respiration, as depicted in [Fig. 1](#fig1){ref-type="fig"}. In nature, many animals have evolved to change the colors of their skin, feathers, or exocuticle in response to external stimulation.^[@cit22]--[@cit30]^ For instance, turkey skin is composed of structurally organized collagen bundles, exhibiting a brilliant color due to coherent scattering from the bundle structure.^[@cit27]^ Inspired by turkey skin, we fabricated an ordered M-13 bacteriophage (phage) bundle nanostructure that exhibits structural deformations on exposure to specific chemicals, leading to color changes in the resulting phage bundle. We then characterized the color patterns of the phage bundle nanostructure that occur in response to cell proliferation and several biomarkers. A specific color characteristic enables the successful identification of different types of molecular and cellular species. This approach for designing the photonic nose has great novelty in that the phage bundle nanostructure allows ease of fabrication and tunable selectivity through genetic engineering. Thus, this photonic nose based on a phage is relatively inexpensive and has lots of potential for developing a target-oriented sensor with high accuracy and high throughput.

![Bioinspired M-13 bacteriophage based photonic nose. (a) The cells produce specific odorants when they breathe. The M-13 bacterio-phage based photonic nose exhibits characteristic color patterns when phage bundle nanostructures, which were genetically modified to selectively capture vapor phase molecules, are structurally deformed. (b) Each phage-bundle swells or shrinks in response to vapor phase chemicals, resulting in changes in coherent scattering from the phage-bundle nanostructures.](c6sc02021f-f1){#fig1}

Results and discussion
======================

We have employed a biomimetic, nanostructured, bacterial virus, the M-13 filamentous bacteriophage, to construct a phage-material-based photonic nose for differential cell recognition ([Fig. 1a](#fig1){ref-type="fig"}). Phages that have a well-defined nanofibrous shape and monodispersity can generate a million identical copies by infecting bacterial host cells, and each phage is composed of single-stranded DNA encapsulated by 2700 copies of the major coat protein (pVIII). The phage has previously been exploited as an advanced material for energy,^[@cit31]--[@cit35]^ material synthesis and assembly,^[@cit36]--[@cit40]^ bioengineering,^[@cit41],[@cit42]^ display^[@cit43]^ and sensor^[@cit44]--[@cit47]^ applications. The phage surface can also be easily engineered with a desired peptide for multiple functional motifs using a recombinant DNA technique, and then the engineered phage can be used in detecting target chemicals with high selectivity and sensitivity. Thus, the obvious versatility of the phage allows selective and sensitive sensing established on the biomimetic concept of using a target-specific phage bundle nanostructure rather than many cross-responsive sensor arrays.^[@cit6]--[@cit9],[@cit46]--[@cit54]^ Peng *et al.* identified 42 volatile organic compounds from the exhaled breath of lung patients and used them as lung cancer biomarkers.^[@cit19]^ In our previous study, we demonstrated WHW expressing engineered phage and used it as a color sensor for detecting TNT.^[@cit44]^ WHW peptides were identified using the phage display method as specific peptides that respond to TNT vapor. Herein, we demonstrated the WHW phage bundle nanostructure and investigated its use as a color sensor for differential cell recognition by responding to differentially produced vapors from cells.

To construct the WHW--phage, we utilized a partial constrained library method to insert the desired peptides into the pVIII proteins of the M-13 phage. We attempted to express a tryptophan (W)--histidine (H)--tryptophan (W)--glutamine (Q) sequence of amino acids in the major coated protein pVIII, causing an increase in the selectivity of the aromatic hydrocarbon due to π-stacking interactions (Fig. S1[†](#fn1){ref-type="fn"}). The peptides were positioned between the first (alanine) and fifth (aspartate) amino acids of the major coat protein in a wild-type phage, replacing the EGD residues 2--4 (Ala-**Glu-Gly-Asp**-Asp to Ala-(**Desired peptides**)-Asp). For the partial library, 8 primers were designed to constrain a region of interest (*i.e.*, WHWQ) and to allow degeneracy within the flanking codons at four positions (*i.e.*, XXWHWQXX or XWHWQXXX). The favorable peptides contained both the designed motif (*i.e.*, WHWQ) as well as the unconstrained amino acid chosen by the natural selection of the *Escherichia coli* (*E. coli*) host. The relative yield and stability of the WHWQ-modified phages were verified by mass amplification, and then the sequence A*DD* **WHWQ** *EG*DP (Ala-![](c6sc02021f-t1.jpg){#ugt1}-![](c6sc02021f-t2.jpg){#ugt2}-**Trp-His-Trp-Gln**-*Glu*-![](c6sc02021f-t3.jpg){#ugt3}-Asp-Pro) was identified as the most stable peptide for cloning the WHWQ sequence (Fig. S2[†](#fn1){ref-type="fn"}).

Next, an M-13 bacteriophage-based photonic nose was fabricated using a self-templating process consisting of quasi-aligned smectic helicoidal nanofilaments with different diameters and interspacing, acting as a phage-bundle photonic crystal (Fig. S3[†](#fn1){ref-type="fn"}). The diameter and interspacing of the bundles were controlled by varying the pulling speed of the substrate. According to our previous report,^[@cit55]^ the bundle diameter and interspacing decreased as the pulling speed increased. The pulling speed was varied from 20 to 40 μm min^--1^ to fabricate the red-, green- and blue-colored bands. Each phage-bundle swells or shrinks in response to external chemical gases, resulting in changes in the coherent scattering from the phage-bundles ([Fig. 1b](#fig1){ref-type="fig"} and S4[†](#fn1){ref-type="fn"}). These changes were recorded using a charge-coupled device (CCD) camera to allow precise analysis of an RGB (red, green, and blue) digital image of the phage-bundle film (Fig. S5[†](#fn1){ref-type="fn"}). We calculated the absolute RGB color level difference for each of the three-banded photonic sensors from the digital image, so that each measurement can be shown by a 3 × 3 matrix, with a total of 9 parameters. As a target chemical for monitoring cell proliferation, we have chosen carbon dioxide (CO~2~), which is one of the main components in a cell\'s exhalation. The virus photonic nose exhibited characteristic color changes upon exposure to different CO~2~ gas concentrations ([Fig. 2a and b](#fig2){ref-type="fig"}). The R and B values in the three-banded photonic sensor showed a linear response with increasing relative CO~2~ gas concentration (ΔR = 5.66 and ΔB = --5.27, ΔR = --5.73 and ΔB = 10.36, and ΔR = --2.94 and ΔB = 5.30 for the first, second and third band, respectively). The three-banded photonic sensor responded within 21.7 s and regained its original color within 17.9 s when we removed the stimulation, indicating that this chemical adsorption to phage-bundles is repeatable and reproducible ([Fig. 2c](#fig2){ref-type="fig"} and S6[†](#fn1){ref-type="fn"}).

![Three-banded photonic sensor for CO~2~ gas sensing. (a) Color fingerprints from the phage-based photonic nose on exposure to different carbon dioxide concentrations. (b) The RGB intensity changes in the first, second and third band of the M-13 bacteriophage-based photonic nose on exposure to different CO~2~ concentrations. (c) Reversibility of the M-13 bacteriophage-based photonic nose response to CO~2~ gas concentration.](c6sc02021f-f2){#fig2}

First, we tested whether our M-13 bacteriophage-based photonic nose can characterize the proliferation of *E. coli* based on the response to the cell\'s exhalation using a three-banded photonic sensor. The B value gradually decreased with increasing cell growth time, whereas increasing the cell culture time caused the R value to increase ([Fig. 3a](#fig3){ref-type="fig"} and S7a[†](#fn1){ref-type="fn"}). We then measured the RGB values of the cell population at each time point with the optical density (*λ* = 600 nm) of the *E. coli* suspension (Fig. S7b[†](#fn1){ref-type="fn"}), and the results indicated an increased cell population with increasing cell growth time up to the highest value of 4.2 × 10^9^ cells for a culture time of 107 min. The R, G and B values ([Fig. 3b](#fig3){ref-type="fig"}) exhibited a linear response with increasing cell population in a logarithmic plot (1.1/log(cell population) and --0.8/log(cell population)). We also characterized the proliferation of NCI-H1299 lung cancer cells and obtained a linear response to the cell population (9.9/log(cell population) and --12.0/log(cell population)). The sensing capability in estimating the increase in the cell population from the color changes in the three-banded photonic sensor is, therefore, based on the amount of CO~2~ gas expelled from the cell population.

![Three-banded photonic sensor for monitoring cell proliferation. (a) Real-time RGB intensity profile for *E. coli* incubated with the photonic nose. The diagonally lined area indicates the stabilization time for sensing. (b) The RGB intensity change from both *E. coli* and NCI-H1299 cells as a function of different cell populations. The R, G and B values from *E. coli* showed a linear response to cell population in a logarithmic plot (1.1/log(cell population) and --0.8/log(cell population)), and those values from NCI-H1299 cells also exhibited a linear response (9.9/log(cell population) and --12.0/log(cell population)).](c6sc02021f-f3){#fig3}

Interestingly, several cells exhale characteristic aromatic chemical compounds in their respiration process, such as toluene, ethylbenzene and butylated hydroxytoluene.^[@cit19]^ To demonstrate that such chemicals could be identified by the three-banded photonic sensor, our sensor was exposed to toluene, hydrazine, *o*-xylene, ethanol and ethylbenzene vapors. We used toluene as a representative chemical of cell exhalation because the WHW sequence in the major coat protein of the M-13 phage could selectively capture aromatic hydrocarbons through π--π interactions. On exposure to toluene vapor, the three-banded photonic sensor showed characteristic color changes as the toluene vapor concentration increased from 1 ppm to 50 ppm ([Fig. 4a and b](#fig4){ref-type="fig"}). The sensor responded within 67.3 s and regained its original color within 51.4 s when we removed the stimulant (Fig. S8[†](#fn1){ref-type="fn"}). From quantitative analysis using a MATLAB program for RGB color analysis, we obtained a dissociation constant (*K* ~d~) of 9.0 ppm for the WHW--phage interaction with toluene ([Fig. 4c](#fig4){ref-type="fig"}). We then analyzed several chemical vapors simultaneously to identify the selectivity of our sensor (Fig S9a and b[†](#fn1){ref-type="fn"}), and presented a two-dimensional (2D) linear discriminant analysis (LDA) plot containing the results from three individual measurements ([Fig. 4d](#fig4){ref-type="fig"}). From the LDA, we obtain information about the relative importance of each discriminant factor from the variance values. The largest variance corresponds to the first discriminant factor, and the second largest one corresponds to the second discriminant factor. The value of variation in the LDA reflects the contributions of each discriminant factor to the total variance of the coordinates. We categorized the points for each of the chemical compounds, including toluene, hydrazine, *o*-xylene, ethanol and ethylbenzene, with a variance of 96%. Through such categorization of the data using LDA, we could confirm the classification capability and high reproducibility of the characteristic color change behaviors on exposure to chemical vapors.

![Sensitive and selective sensing using the M-13 bacteriophage based photonic sensor. Color fingerprint (a) and RGB color pattern (b) after exposure to different toluene concentrations ranging from 1 ppm to 50 ppm. (c) Sensitive sensing of the photonic nose for toluene. The data points represent each color band, and the solid line is the fitting curve from Hill\'s equation. The calculated dissociation constant (*K* ~d~) of the complex between the phage-based photonic nose and toluene is 9.0 ppm. (d) Selective sensing of the photonic nose. Linear discriminant analysis (LDA) plot of the color changes resulting from the exposure to different vapor phase chemicals. The data in the LDA plot were taken from the color patterns of our sensor resulting from exposure to 10 ppm of toluene, hydrazine, *o*-xylene, ethanol and ethylbenzene. The vapor chemicals were applied to the sensor for 10 minutes.](c6sc02021f-f4){#fig4}

To verify the feasible application of the three-banded photonic sensor, we demonstrated the potential of our platform as a cell discriminator. We selected five cell lines: human hepatic adenocarcinoma (SK-Hep-1), uterine cervical cancer (HeLa), human colon carcinoma (HCT116), human non-small lung cancer (NCI-H1299) and normal human embryonic kidney (HEK293), which were incubated in MEM containing 10% fetal bovine serum (FBS) culture medium at 37 °C in a humidified atmosphere of 5% CO~2~ in air. After growing the cells for 3 h, we mounted a new Petri dish cover with a three-banded photonic sensor attached to the inside (Fig. S4[†](#fn1){ref-type="fn"}). Because each of these cell types produces a unique composition of volatile chemical compounds, the three-banded photonic sensor develops a characteristic color, as shown in [Fig. 5a](#fig5){ref-type="fig"} (the kinetic color profiles can be seen in Fig. S10--S14[†](#fn1){ref-type="fn"}). The measurements were conducted for a set of three different well-plates of each cell, and the color patterns were identical within a tolerance of 0.03% ([Fig. 5b](#fig5){ref-type="fig"}). [Fig. 5c](#fig5){ref-type="fig"} shows the LDA plot for the cells for all measurements. This multivariate analysis method projects a 9 dimensional set of data into a 2D set of discriminant factors. The first two discriminant factors account for 99.8% of the variance of the measurements. Clustering of the data allows for all species to be reproducibly discriminated. These approaches demonstrated a rapid and effective photonic sensor for monitoring a cell's respiration using a simple, reusable and cost-efficient platform. Additionally, this approach could possibly be further developed into a clinical alternative for cancer diagnosis and bacterial identification without the requirement of complicated and expensive methods. We believe that further development and tuning of the target-specific binding motif in phages holds promise for the development of simple and portable colorimetric sensor platforms.

![Cell type identification using the M-13 bacteriophage based photonic sensor. Color fingerprints (a) and the RGB color patterns (b) after exposure to the respiration of different cell types. (c) LDA plot of the color changes resulting from exposure to HEK-293, NCI-H1299, SKHep-1, HeLa and HCT116 cells.](c6sc02021f-f5){#fig5}

Experimental section
====================

Genetic modification of the M-13 phage and phage mass amplification
-------------------------------------------------------------------

We genetically modified the major coat protein pVIII of the M-13 bacteriophage (New England Biolabs) using a recombinant DNA engineering technique.^[@cit41]^ An inverse polymerase chain reaction (PCR) cloning method was used to replace a desired peptide sequence positioned between the first (alanine) and fifth (aspartate) amino acids of the N-terminus of the wild-type pVIII with the residues 2--4 (Ala-Glu-Gly-Asp-Asp to Ala-(Desired peptides)-Asp). We used the partial constrained library method to design a stable peptide sequence. Eight primers were prepared to constrain the region of interest (*i.e.*, WHWQ) and were unconstrained within the flanking codons at four positions (*i.e.*, XXWHWQXX or XWHWQXXX), which were chosen by the natural selection pressure of the *E. coli* host. The sequences of the products were verified *via* DNA sequencing at Cosmo Gentech (Daejeon, Republic of Korea). The genetically modified phage was amplified; the experimental details were described in our previous report.^[@cit31]^

Fabrication of the M-13 bacteriophage-based photonic nose
---------------------------------------------------------

We fabricated the phage self-assembled color band patterns using a simple pulling method.^[@cit55]^ The colors of the M-13 sensor were controlled by variation of the pulling speed between 10 and 100 μm min^--1^. To prepare the M-13 sensor, we used 6 mg mL^--1^ WHW phage suspensions in Tris-buffered saline (12.5 mM Tris and 37.5 mM NaCl, pH 7.5). Through using different pulling speeds, the M-13 sensor exhibited three perceptible color bands on gold-coated Si wafers (525 μm thickness, 100 nm of gold over a titanium adhesion layer, Platypus Co.).

Cell monitoring
---------------

The cell suspension was placed in a culture dish (12.5 mL, SPL Co.) with MEM containing 10% FBS culture medium (Welgene Co.). In a cell culture incubator, culture dishes with cells were pre-incubated for 3 hours to obtain stable adhesion before measurement of the vapor phase chemicals. After 3 hours, the cells were washed with a PBS buffer solution and new medium was added. The CCD camera was connected with a hole on the cover of the culture dish, and data were collected every 10 seconds. A MATLAB program was run on a PC to control the camera settings.

Conclusions
===========

In conclusion, the bioinspired M-13 bacteriophage based photonic nose provides a straightforward, cost-efficient, sensitive and selective sensing platform for monitoring cellular metabolism. The photonic nose displays characteristic color patterns for many vapor phase molecules. A color image captured by a digital microscope allows the quantitative analysis of vapor molecules as well as the identification of different types of molecules and cellular species. Our sensing technique employed the versatile M-13 bacteriophage as a building block for fabricating biomimetic photonic crystals, enabling ease of fabrication and tunable selectivity through genetic engineering. We believe that our simple and versatile M-13 bacteriophage-based photonic nose could have feasible applications in food discrimination, environmental monitoring and portable and wearable sensors. Also, the photonic nose can be usefully applied to the design of sensors for human health and national security.
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